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BPOLAR SPIN-TRANSFER SWITCHING 

CROSS-REFERENCE TO RELATED PATENT 
APPLICATIONS 

This application claims priority from U.S. Provisional 
Application 61/414,724, filed Nov. 17, 2010, and is a con 
tinuation-in-part of U.S. application Ser. No. 13/041,104, 
filed Mar. 4, 2011 now U.S. Pat. No. 8,363,465, which, is a 
divisional of U.S. patent application Ser. No. 12/490,588, 
filed Jun. 24, 2009 now U.S. Pat. No. 7,911,832, which is a 
continuation-in-part of U.S. patent application Ser. No. 
11/932,745, filed Oct. 31, 2007 now U.S. Pat. No. 7,573,737, 
which is a continuation-in-part of U.S. patent application Ser. 
No. 1 1/498.303, filed Aug. 1, 2006 now U.S. Pat. No. 7,307, 
876, which is a continuation-in-part of U.S. patent application 
Ser. No. 1 1/250,791, filed Oct. 13, 2005, allowed Nov. 14, 
2006, and issued as U.S. Pat. No. 7,170,778 on Jan. 30, 2007, 
which is a continuation of U.S. patent application Ser. No. 
10/643,762, filed Aug. 19, 2003, allowed Sep. 12, 2005, and 
issued as U.S. Pat. No. 6,980,469 on Dec. 27, 2005, all of 
which are incorporated herein by reference in their entirety. 

FIELD OF THE INVENTION 

The present invention generally relates to magnetic devices 
Such as used for memory and information processing. More 
particularly the invention describes a spin-transfer torque 
magnetic random access memory (STT-MRAM) providing 
for bipolar spin-transfer Switching. 

BACKGROUND OF THE INVENTION 

Magnetic devices that use a flow of spin-polarized elec 
trons are of interest for magnetic memory and information 
processing applications. Such a device generally includes at 
least two ferromagnetic electrodes that are separated by a 
non-magnetic material. Such as a metal or insulator. The 
thicknesses of the electrodes are typically in the range of 1 nm 
to 50 nm. If the non-magnetic material is a metal, then this 
type of device is known as a giant magnetoresistance or 
spin-valve device. The resistance of the device depends on the 
relative magnetization orientation of the magnetic electrodes, 
Such as whether they are oriented parallel oranti-parallel (i.e., 
the magnetizations lie on parallel lines but point in opposite 
directions). One electrode typically has its magnetization 
pinned, i.e., it has a higher coercivity than the other electrode 
50 and requires larger magnetic fields or spin-polarized cur 
rents to change the orientation of its magnetization. The sec 
ond layer is known as the free electrode and its magnetization 
direction can be changed relative to the former. Information 
can be stored in the orientation of this second layer. For 
example, “1” or “0” can be represented by anti-parallel align 
ment of the layers and “0” or “1” by parallel alignment. The 
device resistance will be different for these two states and thus 
the device resistance can be used to distinguish “1” from "0. 
An important feature of Such a device is that it is a non 
Volatile memory, since the device maintains the information 
even tens of nanometers when the power is off, like a mag 
netic hard drive. The magnet electrodes can be sub-micron in 
lateral size and the magnetization direction can still be stable 
with respect to thermal fluctuations. 

In conventional magnetic random access memory 
(MRAM) designs, magnetic fields are used to switch the 
magnetization direction of the free electrode. These magnetic 
fields are produced using current carrying wires near the 
magnetic electrodes. The wires must be Small in cross-section 
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2 
because memory devices consist of dense arrays of MRAM 
cells. As the magnetic fields from the wires generate long 
range magnetic fields (magnetic fields decay only as the 
inverse of the distance from the center of the wire) there will 
be cross-talk between elements of the arrays, and one device 
will experience the magnetic fields from the other devices. 
This cross-talk will limit the density of the memory and/or 
cause errors in memory operations. Further, the magnetic 
fields generated by such wires are limited to about 0.1 Tesla at 
the position of the electrodes, which leads to slow device 
operation. Importantly, conventional memory designs also 
use stochastic (random) processes or fluctuating fields to 
initiate the switching events, which is inherently slow and 
unreliable (see, for example, R. H. Koch et al., Phys. Rev. 
Lett. 84,5419(2000)). 

In U.S. Pat. No. 5,695,864 and several other publications 
(e.g., J. Slonckewski, Journal of Magnetism and Magnetic 
Materials 159, LI (1996)), John Slonckewski described a 
mechanism by which a spin-polarized current can be used to 
directly change the magnetic orientation of a magnetic elec 
trode. In the proposed mechanism, the spin angular momen 
tum of the flowing electrons interacts directly with the back 
ground magnetization of a magnetic region. The moving 
electrons transfer a portion of their spin-angular momentum 
to the background magnetization and produce a torque on the 
magnetization in this region. This torque can alter the direc 
tion of magnetization of this region and Switch its magneti 
Zation direction. Further, this interaction is local, since it only 
acts on regions through which the current flows. However, the 
proposed mechanism was purely theoretical. 

Spin-transfer torque magnetic random access memory 
(STT-MRAM) devices hold great promise as a universal 
memory. STT-MRAM is non-volatile, has a small cell size, 
high endurance and may match the speed of static RAM 
(SRAM). A disadvantage of the common collinearly magne 
tized STT-MRAM devices is that they often have long mean 
Switching times and broad Switching time distributions. This 
is associated with the fact that the spin-torque is non-zero 
only when the layer magnetizations are misaligned. Spin 
transfer Switching thus requires an initial misalignment of the 
Switchable magnetic (free) layer, e.g. from a thermal fluctua 
tion. Relying on thermal fluctuations leads to incoherent 
reversal with an unpredictable incubation delay, which can be 
several nanoseconds. 

Spin-transfer torque magnetic random access memory 
(STT-MRAM) devices use current or voltage pulses to 
change the magnetic state of an element to write information. 
In all STT-MRAM devices known to date, voltage/current 
pulses of both positive and negative polarities are needed for 
device operation. For example, positive pulses are needed to 
write a “1” and negative polarity pulses are needed to write a 
“0”. (Of course, the definition of which magnetic state repre 
sents a “1” and which a “0” is arbitrary.) This magnetic 
element typically has two possible states, magnetization ori 
ented either “left” or “right', parallel or antiparallel to the 
magnetization of a reference layer in the device. These two 
magnetic states have different resistances, which can be used 
to read-out the information electrically. 

Using present complementary metal-oxide-semiconductor 
(CMOS) technology, circuitry is needed to control the signals 
to STT-MRAM cells. Prior STT-MRAM devices required 
bipolar sources and the bit cells were set to one state by one 
polarity and the other state by the other polarity, i.e. unipolar 
That is, the source needed to be able to provide both polarities 
because each polarity only could write either “0” or “1”. 
Although reading can be done with a unipolar Voltage/current 
Source, writing information required a bipolar source. 
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SUMMARY OF THE INVENTION 

In view of the limitations associated with conventional 
designs of devices using spin transfer torque, an object of the 
present invention is to provide a structure and methods that 
provide an improved magnetic memory or magnetic informa 
tion processing device. 

It is another object of the invention to produce a magnetic 
device requiring simplified external drive circuitry. 

It is another object of the invention to produce a magnetic 
device that has advantages in terms of speed of operation. 

It is another object of the invention to produce a magnetic 
device that has advantages in terms of reliability. 

It is another object of the invention to produce a magnetic 
device that consumes less power. 

These and other additional objects of the invention are 
accomplished by a device and methods that employ magnetic 
layers in which the layer magnetization directions do not lie 
along the same axis. For instance, in one embodiment, two 
magnetic regions have magnetizations that are orthogonal. 
A further aspect of the invention provides a magnetic 

device that does not require a specific polarity of pulse. The 
magnetic device has at least a first stable state and a second 
stable state. The application of a pulse of appropriate ampli 
tude and duration will switch the magnetic device from what 
ever its current state is to the other state, i.e. from the first state 
to the second state or the second state to the first state. Thus, 
the pulse source need only be unipolar and the bit cell is 
bipolar in that it can accept a pulse of either polarity. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The forgoing and other features of the present invention 
will be more readily apparent from the following detailed 
description and drawings of the illustrative embodiments of 
the invention wherein like reference numbers refer to similar 
elements through the views and in which: 

FIG. 1(a) illustrates a OST-MRAMlayer stack, FIG. 1(b) is 
a graph of device resistance vs. in-plane field showing 107% 
magnetoresistance (MR) and the switching of the free layer 
from the parallel (P) to antiparallel (AP) state at 12 mT and 
AP to P state at -1.6 mT. 1: FIG. 1 (c) is a graph of device 
vibrating sample magnetometry (VSM) measurements of the 
magnetization of the layer stack wherein the dotted line curve 
shows the switching of the free layer and (synthetic anti 
ferramagnetic) (SAF) free layer under an in-plane applied 
field and the squared line red curve shows the characteristics 
of the polarizing layer, under a field perpendicular to the 
plane, demonstrating the high remanence and a coercive field 
of 50 mT: 

FIG. 2 is an example of precessional Switching and illus 
trates a pulse for producing magnetization precession; 

FIG. 3 is a graph of the switching probability from the Pto 
the AP state as a function of pulse duration for three different 
pulse amplitudes at an applied field of 10 mT. 100% switch 
ing probability is achieved for pulses of less than 500 ps 
duration; 

FIGS. 4(a) and 4(b) are graphs of switching probability as 
a function of pulse amplitude at a fixed pulse duration of 700 
ps with FIG. 4(a) P to AP state; and FIG. 4(b) AP to P state 
wherein the Switching is bipolar, occurring for both positive 
and negative pulse polarities; 

FIG. 5 is an example of direct switching and shows a 
Voltage trace of a bit cell Switching event; 
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4 
FIGS. 6(a)-6(f) illustrate the statistical probability from P 

to AP as a function of the pulse amplitude; larger pulse ampli 
tudes produce shorter Switching start times and shorter times 
to switch; 

FIGS. 7(a)-7(c) illustrate typical device characteristics for 
a 50 nmx115 nm ellipse shaped bit cell; the resistance is 
measured as a function of applied in-plane magnetic field; 
FIG. 7(a) shows the applied field induced switching of the 
reference and free layers: FIG. 7(b) shows the applied field 
induced switching of just the reference layer and FIG. 7(c) 
shows the applied field induced switching of just the free 
layer; 

FIGS. 8(a)-8(c) show for conditions (B=1, a +0.025) the 
magnetization Switching is precessional, starting at time Zero 
from a P state; the three components of the magnetization are 
show, m, m, and m: 

FIGS. 9(a)-9(c) show for conditions (B=1, a -0.025) the 
magnetization Switching is precessional, this shows that both 
positive and negative polarity pulses lead to precessional 
magnetization reversal, with somewhat different rates (or 
frequencies) of precession; 

FIG.10(a)-10(c) show for conditions (B-5, a +0.008) the 
magnetization switching from P to AP is direct (i.e. there is no 
precession); 

FIGS. 11(a)-11(c) show for conditions (B-5, a -0.008) 
there is no switching from the P state; only a positive pulse 
(FIG.10(a)-10(c)) leads to magnetization switching from the 
P to the AP state; 

FIGS. 12(a)-12(c) show for conditions (B-5, a -0.006, 
i.e. negative pulse polarities) there is direct Switching from 
the AP to P state; and 

FIGS. 13(a)-13(c) show for conditions (B=5, a +0.006, 
i.e. positive pulse polarities) there is no switching from the AP 
to P state, switching from the AP to P state only occurs for 
negative pulse polarities (FIG. 12(a)-12(c)). 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The present invention is directed to orthogonal spin trans 
fer MRAM (OST-MRAM) devices and methods. OST 
MRAM employs a spin-polarizing layer magnetized perpen 
dicularly to a free layer to achieve large initial spin-transfer 
torques. This geometry has significant advantages over col 
linear magnetized STT-MRAM devices as it eliminates the 
nanosecond incubation delay and reduces the stochastic 
nature of the switching. It also has the potential for write times 
below 50 ps. FIG. 1(a) illustrates one embodiment of a STT 
MRAM. A perpendicularly magnetized polarizer (P) is sepa 
rated by a non-magnetic metal from the free magnetic layer 
(FL). The free layer forms one electrode of a MT.J. The other 
electrode, the reference layer, consists of an SAF free layer. 

In OST-MRAM the reference magnetic layer is used to 
read out the magnetic state. The magnetization of this layer is 
set to be collinear to that of the free layer and the memory 
states correspond to the free layer magnetization parallel (P) 
or antiparallel (AP) to the reference layer magnetization. 
Previous OST-MRAM devices utilized an out-of-plane mag 
netized spin-polarizer was combined with an in-plane mag 
netized spin-valve. While fast switching was seen, the result 
ing read-out signals were Small; there was less than ~5% 
magnetoresistance (MR). The device impedance was also 
small, ~5S2. 
One embodiment of the present invention is directed to a 

magnetic tunnel junction (MTJ) based OST-MRAM device 
that combines fast switching and large (>100%) MR, both of 
which are critical for applications. The device impedance is 
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~1 kS2 and thus compatible with complementary metal-OX 
ide-semiconductor (CMOS) field effect transistor (FET) 
memory control circuitry. The write function switches the 
state of the cell, rather than setting the state. Further, the 
Switching is bipolar, occurring for positive and negative 
polarity pulses, consistent with a precessional reversal 
mechanism. 

In one embodiment, the present invention provides appa 
ratus and methods enabling a “toggle” mode of spin-transfer 
device operation. The pulse source may be unipolar because 
the bit cell does not set the state based upon the polarity of the 
pulse, i.e. it is bipolar. Rather a pulse of sufficient amplitude 
for either polarity will “toggle” the magnetic state of the 
device, “1”->“0” and “O’->“1”. Thus, a pulse (of sufficient 
time and amplitude) will change the magnetic state of the 
device orbit cell, irrespective of the original magnetic state. 
AS Such, in one embodiment, the writing of information in 
Such a “toggle” mode of operation may require reading the 
device orbit cell initial state and either applying or not apply 
ing a current/voltage pulse depending on the information to 
be written. That is, if the device orbit cell was already in the 
desired state no pulse would be applied. 
As an example of this embodiment, FIG. 2 illustrates an 

experimental time resolved voltage trace of a bit cell switch 
ing event. A voltage pulse of -0.62V is applied for about 2ns, 
starting at time Zero in the plot. The device is a 50 nmx115 nm. 
ellipse shaped bit cell and has an impedance of about 2 kOhm. 
The horizontal dashed trace at the signal level of 1 corre 
sponds to the antiparallel state (AP). The horizontal dashed 
trace at signal level 0 shows the response when the bit cell is 
in the parallel (P) state. (P and AP refer to the magnetization 
direction of the free layer with respect to the reference layer 
magnetization in the Stack.) At about 1.1 ns the device 
switches from the P to the AP state. The device then precesses 
ata frequency of about 3 GHz. The device final state (Por AP) 
depends in the pulse duration. 
The use of a bipolar toggle for STT-MRAM allows the 

external drive circuitry to be simplified because all device 
operations (i.e., reading and writing) can be accomplished 
with a power source of one polarity. In addition, it is believed 
that devices utilizing the present invention will likely operate 
faster because pulses of less than 500 psec will toggle the 
magnetic state of the device. An additional benefit of the need 
for only one polarity is that power consumption will be 
reduced. This is due, in part, to the fact that the supply volt 
ages to the device do not need to be switched between differ 
ent levels. In present MRAM-CMOS designs, typically one 
transistor is associated with each MRAM bit cell and the 
Source and drain Voltages on this transistor need to be varied 
to write the information. In accordance with one embodiment 
of the present invention, the source or drain Voltages may be 
maintained at constant levels. Maintaining the source or drain 
Voltages at a constant level(s) reduces the power required for 
device operation, as each time the polarity of a Supply Voltage 
is changed energy is required. In one embodiment, Switching 
requires an energy of less than 450f in a free magnetic layer 
that is thermally stable at room temperature. 
As previously mentioned hereinbefore, one characteristic 

of the described OST-MRAM devices is that the switching is 
bipolar, i.e. a bit cell in accordance with the present invention 
may be Switched between states using either Voltage pulse 
polarity. However, there can be thresholds for the pulse to 
trigger a Switch. Those thresholds may differ depending on 
the pulse, for example depending on the pulse polarity or 
depending on the device initial state, i.e. Por AP. This char 
acteristic is illustrated further below regarding the examples 
in FIGS. 4(a) and 4(b). 
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6 
This asymmetry in the probability distribution for the two 

polarities is distinct from the characteristics seen in common 
collinear free layer/tunnel barrier/SAF type STT devices. In 
these devices Switching only occurs for one polarity of the 
Voltage pulse, or through thermally induced backhopping. As 
previously stated, in OST-MRAM devices switching occurs 
for both polarities. This bipolar switching process is an indi 
cation that the torque originates from the perpendicular polar 
izer. For a collinear device we would expect P->AP switching 
only for positive polarity pulses, based on spin-transfer 
torque models. For one embodiment of the invention, a posi 
tive polarity pulse leads to a lower switching probability 
(FIG. 4(a)) compared to the opposite polarity pulse. If the 
Switching processes involved simple heating of the junction, 
rather than the spin-transfer torque switching in the OST 
MRAM device as described herein, it would be expected that 
a symmetric Switching probability distribution and a mono 
tonic dependence of the Switching probability on pulse ampli 
tude would be observed, which is not the case as seen in FIGS. 
4(a) and 4(b). 
As an example of this embodiment, FIG. 5 illustrates an 

experimental time resolved voltage trace of a bit cell switch 
ing event. A voltage pulse of 0.7 V is applied for about 2 ns, 
starting at time zero in the plot. The device is a 60x180 nm 
shaped hexagon and has an impedance of order of 1 kOhm. 
The dotted line trace “a” shows the response when the bit cell 
is in the parallel state (P). The line trace “b' shows the 
response when the bit cell is in the antiparallel (AP) state. (P 
and APrefer the magnetization direction of the freelayer with 
respect to the reference layer magnetization in the Stack.) The 
line trace 'c' shows an event in which the device switches 
from P to AP about 1.2 ns after the start of the pulse. The line 
trace “d’ shows the same data filtered to remove the high 
frequency components, which is associated with noise. The 
start time and Switching time are defined as indicated in this 
FIG.S. 
The free layer magnetization rotation about its demagne 

tizing field will result in a switching probability that is a 
nonmonotonic function of the pulse amplitude or duration, 
because if the pulse ends after the free layer magnetization 
finishes a full rotation (i.e., a 2 L rotation), the probability of 
Switching will be reduced. The precession frequency can also 
be a function of the pulse polarity due to the fringe fields from 
the polarizing and reference layers. Further, spin-torques 
from the reference layer break the symmetry of the reversal by 
adding torques that favor one free layer state over another. 

Thus, a device in accordance with the principles of the 
present invention can utilize Voltage/current pulses of just one 
polarity to write both “0” and “1” states. A device initially in 
the “1” state can be switched to a “0” state and a device 
originally in the state “0” can be switched into the state “1” 
with the same polarity pulse. Further, although the pulse 
amplitudes needed for these operations can differ (see FIGS. 
4(a) and 4(b)), this aspect can be used to advantage in device 
operation. For example, if the thresholds differ then the pulse 
amplitude can uniquely determine the device final State. In 
one embodiment, the differences between the thresholds for a 
positive polarity pulse and a negative polarity pulse can be 
significant enough that a read step would be unnecessary. For 
example, where a negative pulse requires a much lower 
amplitude and or pulse duration to achieve a 100% probabil 
ity of a switch from P to AP than the positive pulse and vice 
Versa, the positive pulse requires a much lower amplitude or 
pulse duration to achieve 100% probability of a switch from 
AP to P, those thresholds can be utilized to achieve a desired 
functionality. If the positive pulse that is necessary to switch 
from AP to P would be below the threshold necessary to 
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switch from P to AP and vice versa for the negative pulse, then 
a device need not read the bit cell prior to a write. For 
example, where a write of the bit cell to P state is desired, the 
device can be pulsed with a sufficient (above the 100% thresh 
old for switching to P but below that threshold for a switch to 
AP) positive pulse. If the bit cell is in AP, the positive pulse is 
sufficient to switch to P. However, if the bit cell is already in 
P, the positive pulse would be insufficient (i.e. below the 
threshold) to switch to AP 

The following non-limiting Examples illustrate various 
attributes of the invention. 

EXAMPLE1 

The OST-MRAM layer stack was grown on 150 mm oxi 
dized silicon wafers using a Singulus TIMARIS PVD mod 
ule. The device layer structure is illustrated in FIG. 1(a). The 
polarizer consists of a Cof Pd multilayer exchange coupled to 
a Co/Ni multilayer. The Co/Ni multilayer has a high spin 
polarization due to the strong spin-Scattering asymmetry of 
Co in Ni and a perpendicular magnetic anisotropy (PMA). To 
enhance the layer coercivity and remanence this layer is 
coupled to Co/Pd which has a very large PMA but a lower spin 
polarization due to the strong spin-orbit scattering by Pd. The 
polarizer is separated by 10 nm of Cu from an in-plane mag 
netized CoFeB free layer that is one of the electrodes of a 
MT.J. The MTJ structure is 3 CoFeB10.8 MgO2.3 Co. 
Feo Bo0.6 Rul2 Cooa Feo 16 PtMn (number to the left of 
each composition indicates the layer thicknesses in nm). The 
wafer was annealed at 300° C. for 2 hours in a magnetic field 
and then characterized by vibrating sample magnetometry 
(VSM), ferromagnetic resonance spectroscopy (FMR), and 
current-in-plane-tunneling (CIPT) measurements. FIG. 1(c) 
shows VSM measurements of the film magnetization for in 
plane and perpendicular-to-the-plane applied fields. The free 
layer is very soft while the reference layer has a coercive field 
of about 50 mT; the exchange bias from the antiferromagnetic 
PtMn is 100 mT. The perpendicular polarizer has a coercive 
field of 50 mT. 
The wafers were patterned to create OST-MRAM devices 

usinge-beam and optical lithography. Ion-milling was used to 
etch sub-100 nm features through the free layer. Device sizes 
varied from 40 nmx80 nm to 80 nmx240 nm in the form of 
rectangles, ellipses and hexagons. Approximately 100 junc 
tions were studied. Set forth in greater detail below are results 
obtained on one 60 nmx180 nm hexagon shaped device. 
Although not presented here, similar results have been 
obtained on other devices of this type. 
The sample resistance was measured by applying a small 

voltage (V –30 mV) and measuring the current. The MR of 
the device is mainly determined by the relative orientation of 
the free (3 CoFeB) and reference (2.3 CoFeB) layers, which 
can be either parallel (PA) or antiparallel (AP). FIG. 1(b) 
shows the minor hysteresis loop of the free layer. The pat 
terned free layer has a coercive field of 14 mT at room tem 
perature and the device has 107% MR. The loop is centered at 
about -2 mT, due to a small residual dipolar coupling from the 
synthetic antiferromagnetic (SAF) reference layer. 
To measure the current-induced Switching probability, 

pulses of variable amplitude, duration and polarity were 
applied. An applied field was used to set the sample into the 
bistable region (see FIG. 1(b)) and then voltage pulses were 
applied, using a pulse generator that provides up to 2 V 
amplitude with a minimum pulse duration of 50 ps. By mea 
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8 
Suring the resistance using a small dc Voltage before and after 
the pulse, we can determine the device state. Since the free 
layer is very stable without any applied Voltage (see the dis 
cussion below), it can be assumed that a Switching event (i.e., 
dynamics of the free layer magnetization to a point at which 
the free layer magnetization would reverse in the absence of 
the pulse) occurred during the Voltage pulse. In this setup, 
positive Voltage is defined to correspond to electrons flowing 
from the bottom to the top of the layer stack, i.e. from the 
polarizer toward the free and reference layers. 

Both amplitude and pulse duration where observed to 
impact the probability of a switching event. FIG. 3 shows the 
switching probability from the P to the AP state as a function 
of pulse duration in an applied field of 10 mT for three 
different pulse amplitudes, -0.5, -0.6 and -0.7 V. Higher 
amplitude pulses lead to Switching at shorter pulse durations. 
It has been observed that a device in accordance with the 
present invention can be switched with pulses less than 500 ps 
in duration with 100% probability. The energy needed for 
100% probability switching is less than 450 f. As 100% 
switching probability was observed for pulses as short as 500 
ps, it is believed that there is no incubation delay of several 
nanoseconds as observed in conventional collinear or nearly 
collinearly magnetized devices. The Switching process of the 
present invention thus provides both fast and predictable 
results. 

To determine the energy barrier of the reversal, the coercive 
field of the sample is measured at different field sweep rates. 
The energy barrier is then determined from the relation: 

(1) 

where So-U/kT, the Zero applied field energy barrier over 
the thermal energy, with T–300 K. Assuming B-2, we obtain 
an energy barrier of S-40 at LH 0.01 T, indicating the 
layer is very thermally stable at room temperature. 
As previously mentioned, one characteristic of the 

described OST-MRAM devices is that the switching is bipo 
lar, i.e. a bit cell in accordance with the present invention may 
be switched between states using either Voltage pulse polar 
ity. For the examples described above, FIG. 4(a) shows the 
switching probability versus pulse amplitude for (a) P->AP 
switching and FIG. 4(b) shows AP->P switching at a pulse 
duration of 700ps. Although the OST-MRAM device is bipo 
lar, it can be seen in FIG. 4(a) that negative polarity pulses 
lead to higher Switching probability than positive polarity 
pulses. The opposite is found in FIG. 4(b) for AP->P. In both 
cases applied fields closer to the coercive field lead to a lower 
Voltage pulse threshold for Switching. Also the Switching 
probability is a nonmonotonic function of the pulse ampli 
tude. The observed data is qualitatively consistent with pre 
cessional reversal being driven by the perpendicular polar 
1Z. 

EXAMPLE 2 

The magnetization dynamics of the device and method in 
the preferred embodiment can be modeled to a first approxi 
mation by considering the spin transfer torques associated 
with the perpendicular 
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polarizer and the reference layer as follows: 
where m represents the magnetization direction of the free 

layer (it is a unit vector in the direction of the free layer 
magnetization). C. is the damping parameter of the free layer. 
The prefactor, a depends on the current density J, the spin 
polarization P of the current density J, and the cosine of the 
angle between the free and pinned magnetic layers, cos(0). 
such that a h Jg(Pcos(0))/(eMt). The h is the reduced 
Planck's constant, g is a function of the spin-polarization P 
and cos(0), M is the magnetization density of the free layer, e 
is the charge of an electron, and t is the thickness of the free 
layer. The last two terms are the spin transfer from the per 
pendicular polarizer (m) and the in-plane magnetized refer 
ence layer (m). The B (beta) represents the ratio of the 
magnitude of these two torques. 

Analysis of this equation shows that the ratio B (beta) is 
important in controlling the magnetization dynamics. Higher 
B (greater than 1) results in a range of current pulse ampli 
tudes in which the switching is directly from P to AP for one 
current polarity and AP to Pfor the other current polarity. For 
higher current amplitudes the Switching is precessional (tog 
gling from AP to P to AP and continuing, as shown experi 
mentally in FIG. 2). The switching is bipolar in this case, 
occurring for both current polarities. The device impedence is 
about 2-4k Ohms as shown in FIGS. 7(a)-7(c). 

For small beta (beta less than or about equal to 1) the range 
of current pulse amplitudes in which direct Switching occurs 
is reduced. The motion for Small B becomes precessional 
(toggling from AP to P to AP and continuing, as was seen in 
experiments shown in FIG. 2). When the magnetization 
motion is precessional higher current amplitudes generally 
result in higher precession frequencies. 
The presence of the polarizer (in all cases cited above) 

reduces the time needed to set the bit cell state (see FIGS. 
6(a)-6(f)) improving device performance, both reducing the 
Switching time and reducing the current (or Voltage) ampli 
tude needed for Switching. Calculations of the Switching 
dynamics based on model described in Eqn. (2) above show 
the type of characteristics that can be found in OST-MRAM 
stacks. The behavior was determined for a thin film nanomag 
net with in-plane anisotropy field (along x) of 0.05 T. damp 
ing (C=0.01), magnetization density of LM-0.5T and the 
magnetization of the reference layer in the +X direction. 

EXAMPLE 3 

In certain embodiments the reliable writing in which pulse 
duration is not critical. In Sucha case, for a memory operation, 
it may be preferable that the pulse duration not be a critical 
variable (i.e. the precise pulse duration would not determine 
the bit cell final state; only the pulse polarity positive or 
negative would be important. In this case, the device is 
provided with Babout equal to or greater than 1. This can be 
accomplished in a number of ways: 
The spin-polarization from the reference layer can be 

increased by choice of materials for the magnetic tunnel 
junction and reference layer. For example, CoFeB in contact 
with MgO has a large spin-polarization. Permalloy (NiFe) in 
contact with MgO has a lower spin polarization. 
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10 
The spin-polarization from the polarizing layer can be 

reduced. This can be accomplished in a number of ways, for 
example, without limitation: 

a. Choice of materials for the composition of the polarizing 
layer: Cof Ni multilayers have a large spin-polarization. 
However, Co/Pd or Co/Pt have a much lower spin-po 
larization. A composite polarizing layer can have an 
adjustable polarization. For example a multilayer of 
Co/Ni on Co/Pd or Co/Pt in which the thickness of the 
Co/Ni is varied (from, say 0.5 to 5 nm) is a means to 
control the current spin-polarization from the polarizing 
layer, where the Co/Ni is the layer in closer proximity to 
the free magnetic layer. A thin layer with large spin-orbit 
coupling, such as Pt or Pd, could also be placed on the 
Surface of the polarizing layer closer to the free magnetic 
layer. This would also serve to reduce the current spin 
polarization. 

b. Alternatively, the nonmagnetic layer between the polar 
izer and the free layer can be varied to control the spin 
polarization of carriers from the polarizing layer (and 
thus the parameter B). If this layer has a short spin 
diffusion length the polarization would be reduced. 
Including defects in Cu can reduce its spin-polarization 
(e.g., Ni in Cu or other elements). The Cu can also be an 
alloy with another element, such as Znor Ge. There are 
many possible material combinations that would reduce 
the spin-polarization from the polarizing layer. 

For fast low energy switching it would be preferable to not 
increase f far beyond 10, because the torque from the per 
pendicular polarizer sets the Switching time and thus the 
energy required to Switch the device (as discussed above). 

Forfastest write operation: B preferably should be less than 
one, and the pulse timing needs to a very well-controlled 
variable. The Switching is bipolar and only a single polarity 
Voltage source is needed for device write operations, poten 
tially simplifying the drive circuitry. 

Analysis of the model described above also shows that the 
threshold Voltage and current for Switching can be reduced 
through a number of means. First, the free layer magnetiza 
tion density or freelayer thickness can be reduced. However, 
this also is expected to reduce the bit cell stability. So the 
magnetization density or free layer thickness cannot be made 
arbitrarily Small. Second, the freelayer can have a component 
of perpendicular magnetic anisotropy. This anisotropy would 
be insufficient in and of itself to reorient the magnetization 
perpendicular to the layer plane, but would nonetheless be 
effective in reducing the Switching current and Voltage. This 
kind of perpendicular anisotropy is seen in thin (0.5 to 3 nm 
thick) CoFeB layers in contact with MgO. The switching 
speed and free layer precession frequency depends on the free 
layer perpendicular anisotropy. Larger perpendicular anisot 
ropy leads to lower frequency precession, reducing the 
Switching speed. Third, the damping parameter of the free 
layer can be reduced to reduce the Switching current and 
Voltage. This and other means may be used to reduce the 
Switching Voltage and current threshold. 
The foregoing description of embodiments of the present 

invention has been presented for purposes of illustration and 
description. It is not intended to be exhaustive or to limit the 
present invention to the precise form disclosed, and modifi 
cations and variations are possible in light of the above teach 
ings or may be acquired from practice of the present inven 
tion. The embodiments were chosen and described in order to 
explain the principles of the present invention and its practical 
application to enable one skilled in the art to utilize the 
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present invention in various embodiments, and with various 
modifications, as are Suited to the particular use contem 
plated. 
What is claimed is: 
1. A magnetic device comprising: 
a polarizing layer magnetized perpendicular to a free mag 

netic layer; 
the free magnetic layer forming a first electrode and sepa 

rated from the magnetized polarizing layer by a first 
non-magnetic metal layer, the free magnetic layer hav 
ing a magnetization vector having at least a first stable 
state and a second stable state; 

a reference layer forming a second electrode and separated 
from the free-magnetic layer by a second non-magnetic 
layer; 

wherein the magnetization vector is set via application of a 
unipolar current pulse, having either positive or negative 
polarity and a selected amplitude and duration, through 
the magnetic device bipolarly Switching the magnetiza 
tion vector from the first stable state to the second stable 
state or the second stable state to the first stable state, 
wherein the unipolar current pulse is orthogonal to the 
polarizing layer. 

2. The magnetic device as defined in claim 1 wherein spin 
transfer torques associated with the polarizing layer and an 
in-plane magnetized form of the reference layer can be 
described by, 

di 
(it 

di 
= -yuoix H + of X + yari X (in Xip) - bya in X (ii. xii) 

where m represents the magnetization direction of the free 
layer magnetization, a, is a term proportional to current 
of the unipolar current pulse and spin-polarization of the 
unipolar current pulse, the third term on the right hand 
side of this equation being spin transfer torque from the 
polarizing layer (mP) and the fourth term on the right 
hand side of the equation being a spin transfer torque 
from an in-plane magnetized form of the reference layer 
(mR), and B represents a ratio of magnitude of these spin 
transfer torques. 

3. The magnetic device as defined in claim 2 wherein B-1 
provides a range of current pulse amplitudes wherein Switch 
ing of the device is directly from parallel to anti-parallel for a 
first current polarity and anti-parallel to parallel for a second 
current polarity. 

4. The magnetic device as defined in claim 2 wherein the 
magnetic device Switching is precessional and bipolar for 
both polarities for selected values of B. 

5. The magnetic device as defined in claim 2 wherein? less 
than or about equal to 1 provides at least one of reduced direct 
current Switching errors and precessional and fast Switching. 

6. The magnetic device as defined in claim 2 wherein the 
magnetization direction becomes precessional for the Bless 
than or about equal to 1, thereby providing higher precession 
frequencies for higher current amplitudes. 

7. The magnetic device as defined in claim 2 wherein B is 
selected from the group of about 1 or greater than 1 and pulse 
polarity and amplitude of the current pulse controls a final 
magnetization state of the free magnetic layer and indepen 
dent of the current pulse duration. 

8. The magnetic device as defined in claim 7 wherein spin 
polarization of the reference layer is increased by selecting 
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mating materials for the reference layer and a magnetic tunnel 
junction layer adjacent thereto. 

9. The magnetic device as defined in claim 8 wherein the 
mating materials are selected from the group of (a) CoFeB 
and MgO, (b) NiFe and MgO, and (c) CoFe and MgO. 

10. The magnetic device as defined in claim 7 wherein spin 
polarization from the polarizing layer is reduced by selecting 
a particular composition therefore. 

11. The magnetic device as defined in claim 10 wherein the 
particular composition comprises a CofNi multilayer. 

12. The magnetic device as defined in claim 11 wherein the 
multilayer is selected from the group of Co/Ni on Co/Pd, 
CON on CO/Pt. 

13. The magnetic device as defined in claim 12 wherein 
thickness of the Co/Ni can be varied, thereby controlling the 
spin polarization. 

14. The magnetic device as defined in claim 7 wherein spin 
polarization from the polarizing layer is reduced by further 
including a nonmagnetic layer disposed between the polariz 
ing layer and the free magnetic layer, thereby controlling the 
spin polarization of carriers from the polarizing layer. 

15. The magnetic device as defined in claim 14 wherein the 
non-magnetic layer comprises Cu with controlled defects, 
thereby reducing the spin polarization. 

16. The magnetic device as defined in claim 14 wherein the 
nonmagnetic layer can have varying layer thickness, thereby 
reducing spin polarization from the polarizing layer incident 
on the free magnetic layer. 

17. A method of controlling a memory array having a 
plurality of cells each comprising: 

determining an initial state of a cell within the memory 
array; 

determining if the initial state is the same as a write state 
corresponding to information to be written to the cell; 

if the initial state is different from the write state, applying 
a unipolar current pulse of either positive or negative 
polarity and of a selected amplitude and duration 
through the magnetic device bipolarly Switching the 
magnetization vector to the write state, wherein the uni 
polar current pulse is orthogonal to the cell. 

18. A memory array comprising: 
at least one bit cell including: 

a magnetic device having: 
a magnetic layer having a fixed magnetization vector; 
a free magnetic layer having a variable magnetization 

vector having at least a first stable state and a second 
stable state; 

a non-magnetic layer separating the magnetic layer with 
fixed magnetization vector and the free magnetic 
layer, 

wherein the variable magnetization vector is set via 
application of a unipolar current pulse having either 
positive or negative polarity and a sufficient ampli 
tude and duration through the magnetic device bipo 
larly switches the magnetization vector from either 
the first stable state to the second stable state or from 
the second stable state to the first stable state, wherein 
the unipolar current pulse is orthogonal to the polar 
izing layer, and 

at least one transistor for current control and readout wherein 
application of a Voltage to the at least one bit cell activates the 
bit cell. 


